ABSTRACT. Increasing evidence has indicated that microRNAs are involved in the pathogenesis of cardiac hypertrophy. However, whether miR-96 is involved in heart diseases, particularly cardiac hypertrophy, remains unclear. In this study, we found that miR-96 is a negative regulator of cardiac hypertrophy. In primary cardiomyocytes, overexpression of miR-96 inhibited phenylephrine-induced cardiomyocyte hypertrophy and decreased the mRNA expression of cardiac hypertrophy markers such as atrial natriuretic factor and β-myosin heavy chain. Interestingly, we found that growth factor receptor-bound 2 is a direct target of miR-96, which is a negative regulator of cardiac hypertrophy. Overexpression of miR-96 in cardiomyocytes led to reduced growth factor receptor-bound 2 expression. More importantly, miR-96 repressed the extracellular-regulated protein kinase signaling pathway by targeting growth factor receptor-bound 2 in cardiomyocytes. Our data demonstrate that miR-96 is a negative regulator of cardiac hypertrophy and extracellular-regulated protein kinase signaling, thus offering a new therapeutic strategy for cardiac hypertrophy.
INTRODUCTION
Cardiomyocyte hypertrophy is a hallmark of many heart diseases (Frey and Olson, 2003; Voulgari et al., 2010) . While heart function may benefit from cardiac hypertrophy at an early stage, long-term hypertrophic stimuli can lead to heart failure (Heineke and Molkentin, 2006) . Although genetic and environmental factors are considered important, the molecular mechanisms of cardiomyocyte hypertrophy remain unclear. Thus, it is important to understand the molecular mechanism of cardiac hypertrophy and to explore effective intervention targets.
MicroRNAs (miRNAs) are small noncoding RNAs that are 19-22 nucleotides in length and negatively regulate the expression of target genes by binding to the 3'-untranslated region (3'-UTR) of target mRNAs (Bartel, 2004 ). An increasing number of studies have shown that miRNAs are involved in cardiac hypertrophy. For example, miR-378 is a key regulator of cardiac hypertrophy and represses mitogen-activated protein kinase pathway factor (Ganesan et al., 2013; Nagalingam et al., 2013; Nagalingam et al., 2014) . miR-133 can suppress cardiac hypertrophy by binding to its targets RhoA, Cdc42, and Nelf-A/WHSC2 (Care et al., 2007) . In contrast, miR-23a is required for cardiomyocyte hypertrophy (Lin et al., 2009 ). Thus, it appears that miRNAs play pivotal roles in regulating cardiac hypertrophy. However, it remains unclear whether other miRNAs regulate cardiac hypertrophy.
It has previously been reported that miR-96 is involved in many diseases and biological processes. miR-96 was found to be overexpressed in many types of cancer and to promote cancer cell proliferation, metastasis, and metabolism (Guo et al., 2014; Yu et al., 2014; Zhang et al., 2014) . In addition, miR-96, together with miR-182 and miR-183, are highly expressed in the retina and are associated with syndromic retinal degeneration (Lumayag et al., 2013) . Moreover, a mutation in the seed region of miR-96 can result in progressive hearing loss (Lewis et al., 2009; Mencia et al., 2009) . However, whether miR-96 is involved in heart diseases, particularly cardiac hypertrophy, is unknown.
In this study, we examined the function of miR-96 in cardiac hypertrophy. We found that miR-96 repressed cardiac hypertrophy by directly targeting growth factor receptor-bound 2 (GRB2), an important regulator of cardiac hypertrophy. We identified a new role for miR-96 in the process of cardiac hypertrophy and that miR-96 may be a new therapeutic target for heart diseases.
MATERIAL AND METHODS

Cell culture, transfection, and cell surface area measurement
Primary neonatal cardiomyocytes were isolated from 1-day-old Sprague-Dawley rats as described previously (Ganesan et al., 2013) . Isolated cardiomyocytes and 293T cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1 mM glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Transfection was performed using Lipofectamine 2000, and 50 µM phenylephrine (SigmaAldrich, St. Louis, MO, USA) or an equal volume of phosphate-buffered saline was added 48 h after transfection. Cells were harvested 48 h after stimulation.
The cell surface area of α-actin-stained cells or unstained cells was measured as described previously (Ganesan et al., 2013) . A total of 100-200 cardiomyocytes in 20-50 fields were examined in each experiment. The Image J software was used to measure the area of each cell (NIH, Bethesda, MD, USA).
Plasmid, siRNA oligos, and luciferase assay
To construct luciferase reporter plasmids, the 3'-UTR fragment of GRB2 was amplified from mouse cDNA and inserted into the pRL-TK vector. MicroRNA double-stranded mimics, antagomir, and siRNA oligos were purchased from Genepharma (Suzhou, China).
293T cells were added to a 24-well plate and co-transfected with miR-96 mimics or the negative control, pRL-TK-GRB2-3'-UTR and pGL3-basic reporter plasmids. At 48 h after transfection, cells were lysed and the relative luciferase activity was analyzed using the Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) on a luminometer (Promega).
Real-time polymerase chain reaction (PCR)
RNA was isolated using Trizol reagent from cells, and 500 ng RNA was reverse-transcribed into cDNA using the polyA RT system. Real-Time PCR was performed on an ABI 7500 Fast Real Time PCR system (Applied Biosystems, Foster City, CA, USA). Then, 4 μL cDNA, 1 μL primer and 5 μL Sybr Green (Applied Biosystems, Foster City, CA, USA) were mixed for real-time PCR using the following procedures:
Step 1: 95°C 25 s, Step 2: 62°C 30 s, Step 3:72°C 30 s, run 40 cycles. The following primers were used in this study: atrial natriuretic factor (ANF)-F: GCTTCCAGGCCA TATTGGAG; ANF-R: GGGGGCATGACCTCATCTT; β-myosin heavy chain (MHC)-F: ACTGTCAA CACTAAGAGGGTCA; β-MHC-R: TTGGATGATTTGATCTTCCAGGG; glyceraldehyde 3-phosphate dehydrogenase-F: TGGATTTGGACGCATTGGTC; glyceraldehyde 3-phosphate dehydrogenase-R: TTTGCACTGGTACGTGTTGAT; miR-96: TCATATTTGGCGATGGCTT; uni-primer: CGAATTCTAGAGCTCGAGGCAGG.
Western blotting
Cardiomyocytes were lysed in RIPA lysis buffer containing 10 mM Tris-HCl, pH 7.5, 1% sodium dodecyl sulfate, 1 mM Na 3 VO 4 , 10 mM NaF, and protease inhibitor cocktail (Roche, Basel, Switzerland). Next, 20 mg protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis according to standard procedures. Anti-GRB2 (Cell Signaling Technology, Danvers, MA, USA), anti-extracellular regulated protein kinase (ERK) 1/2 (Cell Signaling), anti-p-ERK1/2 (Cell Signaling), anti-α-actin (Sigma-Aldrich), and anti-α-tubulin (Sigma-Aldrich) were used for western blotting.
Statistical analysis
All results are reported as means ± SE from at least 3 independent experiments. The Student t-test was used to analyze the differences in mean values between 2 groups using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance was considered at P < 0.05.
RESULTS
miR-96 inhibited hypertrophy of cardiomyocytes
thus we attempted to determine whether miR-96 participate in hypertrophic signaling pathways. As shown in Figure 1A , we found that miR inhibited hypertrophy of cardiomyocytes. However, phenylephrine-induced cardiomyocyte hypertrophy was also suppressed after transfection with miR-96 mimics. Because ANF and β-MHC are known to be hallmarks of cardiomyocyte hypertrophy, the mRNA expression of ANF and β-MHC was determined by performing reverse transcription-PCR. We observed that the mRNA levels of ANF and β-MHC were repressed in cardiomyocytes transfected with miR-96 mimics ( Figure 1B) . These results demonstrated that overexpression of miR-96 inhibited the hypertrophy of cardiomyocytes. , and 48 h later, 50 µM phenylephrine (PE) or equal volume of phosphate-buffered saline was added, and then cell surface area was analyzed. B. Reverse transcription-PCR analysis of ANF and β-MHC mRNA levels in cardiomyocytes transfected with miR-96 mimics or negative control oligos (NC). Data are reported as means ± SE of triplicate measurements. *P < 0.05, **P < 0.01.
GRB2 was directly targeted by miR-96 in cardiomyocytes
Based on the previous studies, we hypothesized that miR-96 may target key regulators in cardiomyocyte hypertrophy. Interestingly, using TargetScan, we found that GRB2, which has been reported to be a key regulator of cardiomyocyte hypertrophy, is a potential target of miR-96 acrossspecies (Figure 2A ). To determine whether GRB2 is a direct target of miR-96, we analyzed the mRNA and protein levels of GRB2 in cardiomyocytes transfected with miR-96 mimics. The mRNA and protein levels of GRB2 were effectively repressed by miR-96 ( Figure 2B and C) . We also evaluated the luciferase activity of a reporter plasmid carrying the 3'-UTR of GRB2. As shown in Figure 2D , miR-96 significantly reduced luciferase activity compared with negative control oligos. Our data showed that miR-96 directly targeted GRB2 in cardiomyocytes.
miR-96 repressed the ERK signaling pathway by targeting GRB2
The positive regulation of GRB2 in cardiomyocyte hypertrophy has been suggested in previous studies (Zhang et al., 2003) , and thus we evaluated the effect of si-GRB2 on cardiomyocyte hypertrophy. We found that si-GRB2 could repress phenylephrine-induced cardiomyocyte hypertrophy, which is similar to the effect observed following miR-96 mimic transfection. In addition, we found that si-GRB2 could rescue the effect of miR-96 antagomir on the cardiomyocyte surface area ( Figure 3A) . GRB2 is an upstream regulator of ERK, which also plays a pivotal role in cardiomyo-cyte hypertrophy. Thus, we hypothesized that miR-96 could inhibit p-ERK expression by targeting GRB2 in cardiomyocytes. To test this hypothesis, we investigated the effects of miR-96 mimics and miR-96 antagomir on the expression of p-ERK and GRB2. As shown in Figure 3B , we found that overexpression of miR-96 decreased the expression of p-ERK and GBR2. Additionally, knockdown of miR-96 led to increased p-ERK and GBR2 expression ( Figure 3B ). These results suggested that miR-96 repressed ERK signaling by targeting GRB2 in cardiomyocytes. Reverse transcription-PCR analysis of miR-96 and GRB2 mRNA levels in cardiomyocytes transfected with miR-96 mimics or negative control oligos (NC). C. Western blot analysis of GRB2 expression in cardiomyocytes miR-96 mimics or negative control oligos (NC); α-tubulin was used as a loading control. D. Luciferase activity in cardiomyocytes co-transfected with different amounts of miR-96 mimics or negative control oligos (NC), pRL-TK-GRB2-3'-UTR and pGL3-basic. pGL3-basic was used for transfection normalization. Data are reported as means ± SE of triplicate measurements. *P < 0.05, **P < 0.01. Cardiomyocytes were transfected with si-GRB2 oligos or si-NC control oligos and miR-96 antagomir or antagomir negative control (a-NC), and 48 h later, 50 µM phenylephrine (PE) was added, and then cell surface area was analyzed. B. Western blot analysis of GRB2, p-ERK1/2, and ERK1/2 expression in cardiomyocytes transfected with miR-96 mimics, negative control oligos (NC), miR-96 antagomir (Ant-96), and antagomir negative control (Ant-NC); α-tubulin was used as a loading control. Data are reported as means ± SE of triplicate measurements. *P < 0.05, **P < 0.01.
DISCUSSION
miRNAs have been found to be important posttranscriptional regulators, which participate in many basic cell functions, including cardiac hypertrophy. In this study, we found that miR-96 negatively regulated the development of cardiac hypertrophy. Overexpression of miR-96 in primary cardiomyocytes inhibited phenylephrine-induced hypertrophy and decreased the mRNA expression of cardiac hypertrophy markers such as ANF and β-MHC. This is the first study to demonstrate the function of miR-96 in cardiomyocytes.
Additionally, we found miR-96 directly targeted GRB2. GRB2 plays a positive role in receptor tyrosine kinase signaling. GRB2 is the key link between epidermal growth factor receptor and the Ras-mitogen-activated protein kinase signaling pathway (Buday and Downward, 1993; Gale et al., 1993; Lin et al., 2012) . A previous study showed that the GRB2-p38 MAPK pathway is essential for cardiac hypertrophy in response to pressure overload (Zhang et al., 2003) . Similarly, miR-378 was found to inhibit cardiac hypertrophy by targeting GRB2.
ERK signaling is known to play a significant role in pathology. GRB2 is an upstream regulator of ERK signaling. Our results suggest that miR-96 directly targets GRB2 and represses GRB2-induced activation of ERK. Based on these findings, miR-96 may achieve its physiologicalfunction by inhibiting the GRB2-ERK signaling pathway in cardiomyocytes. This explanation is consistent with the results of a previous study, which showed that ERK promotes cardiac hypertrophy in a transgenic mouse model (Bueno et al., 2000) .
In summary, our results provide the first evidence that miR-96 may block cardiac hypertrophy by targeting GRB2. However, the in vivo effect of miR-96 on cardiomyopathy and whether miR-96 has other targets involved in cardiac hypertrophy remain unknown. Our findings provide a novel strategy for the treatment of cardiac hypertrophy.
